We report the first observation and photodetachment photoelectron spectroscopic study of a series of hexahalogenometallates dianions MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒ and MBr 6 2Ϫ ͑MϭRe, Ir, and Pt͒ in the gas phase. All of these species were found to be stable as free gaseous doubly charged anions. Photoelectron spectra of all the dianions were obtained at several detachment photon energies. The photon-energy-dependent spectra clearly revealed the dianion nature of these species and allowed the repulsive Coulomb barriers to be estimated. The binding energies of the second excess electron in MCl 6 2Ϫ ͑MϭRe, Os, Ir, Pt͒ were determined to be 0.46 ͑5͒, 0.46 ͑5͒, 0.82 ͑5͒, and 1.58 ͑5͒ eV, respectively, and those in MBr 6 2Ϫ ͑MϭRe, Ir, Pt͒ to be 0.76 ͑6͒, 0.96 ͑6͒, and 1.52 ͑6͒ eV, respectively. A wealth of electronic structure information about these metal complexes were obtained and low-lying and highly-excited electronic states of the corresponding singly charged anions were observed. Detachment from metal d orbitals or ligand orbitals were observed and could be clearly distinguished; detachments from the metal d-orbitals all occur at low binding energies whereas those from the ligand-dominated orbitals all take place at rather high binding energies. We also found a remarkable correlation between electron affinities measured in vacuo and the redox potentials obtained in the solution phase of these species.
I. INTRODUCTION
Multiply charged anions ͑MCAs͒ are common in solutions and solids, but are challenging to study in the gas phase both experimentally and theoretically. 1 Strong Coulomb repulsion between the excess negative charges makes MCAs difficult to be formed in the gas phase whereas strong electron correlation effects and the diffuse nature of the excess charges make theoretical investigations rather difficult. Therefore, despite of their ubiquity and importance in the condensed phases, our knowledge about MCAs are still scarce. [1] [2] [3] [4] [5] Theoretical search of small stable MCAs has been very active recently and has been reviewed by Scheller et al. 1 As discussed by Boldyrev, Gutowski, and Simons, 3 there are three types of stability of MCAs. The first is their electronic stability. If A nϪ at its own optimal geometry is more stable than A (nϪ1)Ϫ at the same geometry, it is vertically electronically stable. If A nϪ at its optimal geometry is more stable than A (nϪ1)Ϫ at its own optimal geometry, A nϪ is adiabatically electronically stable. Second, if A nϪ has all real vibrational frequencies at its optimal geometry, it is locally geometrically stable. Finally, if A nϪ is more stable than any possible dissociation fragment, it is thermodynamically stable. There is a consensus currently that all free atoms cannot support two or more extra electrons because of the enormous Coulomb repulsion. It is also concluded that all isolated diatomic or triatomic dianions are not stable, 3 although they may exist as resonance or metastable excited species. [25] [26] [27] For larger systems ͑more than four atoms͒, Sheller and Cederbaum predicted some electronically stable MCAs consisting of halogen-type ligands and a metal atom ͑e.g., LiF 3 2Ϫ , NaF 3 2Ϫ , KF 3 2Ϫ ͒, [8] [9] [10] [11] [12] [13] although these dianions are not stable thermodynamically. Cederbaum and co-workers have also proposed a ''construction principle'' to form stable gaseous MCAs based on the alkali-halogen systems. 16, 17 Many common MCAs known to exist in the condensed phases, such as CO 3 2Ϫ , SO 4 2Ϫ , SeO 4 2Ϫ , and PO 4 3Ϫ , are found electronically unstable in the gas phase. 8, 14 Gutowski et al. studied the local and electronic stability of several octahedral closed-shell ͓MF 6 ͔ nϪ MCAs containing early 4d and 5d transition metals. 20, 22 Some of these MCAs are predicted to be stable locally and electronically ͑vertically͒. Miyoshi and Sakai predicted CrF 6 2Ϫ and MoF 6 2Ϫ to be electronically stable with octahedral geometry. 28 Experimental study of MCAs has also made progress recently. A number of dianions have been observed in the gas phase using mass spectrometry and has been well reviewed. [1] [2] [3] [4] [5] Lately, Compton and co-workers have observed and investigated dianions of several fullerenes and fullerene derivatives. [29] [30] [31] As demonstrated by Kebarle and co-workers, 32 electrospray ionization ͑ESI͒ ͑Ref. 33͒ is an ideal technique to produce gas phase MCAs; and many more MCAs have been observed using the ESI technique, including fullerenes and derivatives as well as small organic and inorganic species. [34] [35] [36] Recently, we have developed an experimental technique to investigate gas phase multiply charged anions using photodetachment photoelectron spectroscopy ͑PES͒ and an ESI source. [37] [38] [39] [40] [41] [42] PES is particularly ideal to probe the intrinsic properties of free multiply charged anions and directly yields information about their electronic stability, intramolecular Coulomb repulsion, and solvation effects, as we have shown in our investigations of the citric acid dianion, 38 a series of linear dicarboxylate dianions ͓O 2 C͑CH 2 ͒ n CO 2 Ϫ (nϭ2 -12)͔, 39,40 S 2 O 8 2Ϫ , 41 and (MSO 4 ) 2 2Ϫ ͑MϭNa,K) dianions. 42 We have observed directly the repulsive Coulomb barrier ͑RCB͒, that exists in any multiply charged anion against electron detachment.
1,3,5 Particularly, we found that the RCB is equal in magnitude to the intramolecular Coulomb repulsion between the two excess charges. The effects of the RCB on the PES spectra and electron tunneling through the RCB have also been observed. [38] [39] [40] [41] [42] [43] In addition to information about their electronic stability, PES spectra also provide electronic structure information about the MCAs. Due to the relatively long time scale of our experiment ͑ϳ0.1s͒, any MCAs that we observe should have at least local and thermodynamical stabilities with a sufficiently long lifetime of at least ϳ0.1s.
Our motivation to search and probe the properties of MCAs led us to consider the octahedral or quasioctahedral hexahalogenometallates dianions, MX 6 2Ϫ ͑MϭRe, Os, Ir, and Pt, XϭCl, Br͒ in the present investigation. These dianions are classical Werner-type transition metal complexes 44 and are commonly found as constituents of solids, melts, and solutions. 45 These species are interesting electron transfer agents in solutions and have been extensively studied as such. [46] [47] [48] [49] [50] [51] There is also an extensive body of literature on the properties of these species in solids. Their ground state electronic energy levels have been investigated in numerous studies of optical absorption, 52 magnetic circular dichroism, 53 and x-ray photoelectron spectroscopy. 54 Their geometry structures in crystals have been determined. 55 There have also been several theoretical investigations about the electronic and geometrical structures of these hexahalogenometallates. [56] [57] [58] To the best of our knowledge, there is no gas phase study on these species and it is not known if they are stable as free dianions or can be formed in the gas phase.
Gas phase studies of these species would be interesting in at least three aspects. First, from the point of view of MCAs, it would be important to understand their electronic and thermodynamic stability in the gas phase. Second, the electronic structure information obtained through PES would be valuable to compare to theoretical calculations, which are often done on gaseous species and used to understand properties of the condensed phases. Third, photodetachment is the simplest oxidation reaction. It would be interesting to compare the gas phase electron binding energies of these species to their redox potentials in solutions.
In this paper, we present the first and a systematic PES study of several MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒ and MBr 6 2Ϫ ͑ MϭRe, Ir, and Pt͒ dianions in the gas phase at four photon energies; 532 nm ͑2.331 eV͒, 355 nm ͑3.496 eV͒, 266 nm ͑4.661 eV͒, and 193 nm ͑6.424 eV͒. We show that these late 5d transition metal hexacholoride and bromide dianions are indeed stable in the gas phase both electronically and thermodynamically-all the dianions possess positive electron binding energies. Well-resolved detachment features were obtained in the PES spectra of all the species, yielding a wealth of electronic structure information about both the dianions and the singly charged species. Detachment from the central metal d-orbitals and ligand orbitals were clearly observed and distinguished. PES spectra measured at different photon energies clearly revealed the doubly charged nature of these species and allowed the RCB to be estimated. In addition, we found a remarkable correlation between the electron binding energies measured in vacuo and the redox potentials obtained in solutions.
II. EXPERIMENTS
The experiments were performed with a magnetic-bottle time-of-flight ͑TOF͒ PES apparatus coupled to an ESI source. Details of the experiments have been published elsewhere 37 and only a very brief description is given here. A 10 Ϫ3 M solution of each salt K 2 ML 6 ͑MϭRe, Os, Ir, Pt; LϭCl, Br͒ ( pHϳ7) in a water/methanol ͑2/98 ratio͒ mixed solvent was sprayed through a 0.01 mm inner diameter syringe needle ͑biased at Ϫ2.2 kV͒ into ambient atmosphere. The resulting charged droplets were fed into a desolvation capillary heated to ϳ70°C. Molecular anions formed in the desolvation capillary were guided by a radio-frequency quadruple ion-guide into a 3D quadruple ion-trap, where ions were accumulated for 0.1 s before being pulsed out into the extraction zone of a TOF mass spectrometer. The dominating anion signals in each case were the ML 6 2Ϫ dianions, which were mass-gated and decelerated before intercepted by a probe laser beam in the photodetachment zone of the magnetic-bottle photoelectron analyzer. Both an ArF excimer laser ͑193 nm͒ and a Nd:YAG laser ͑532, 355, and 266 nm͒ were used for photodetachment. The experiments were done at 20 Hz with the ion beam off at alternating laser shots for background substraction. Photoelectrons were collected at nearly 100% efficiency by the magnetic-bottle and analyzed in a 4 m long electron flight tube. Photoelectron TOF spectra were collected and then converted to kinetic energy spectra, calibrated by the known spectra of I Ϫ and O Ϫ . The electron binding energy ͑BE͒ spectra presented were obtained by subtracting the kinetic energy spectra from the detachment photon energies. The electron kinetic energy resolution was ⌬E/Eϳ2%, i.e., 20 meV for 1 eV kinetic energy electrons. Figure 1 shows the PES spectra of MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒ at 193 nm. All the spectra exhibit rich and well resolved features, as labeled, which represent transitions from the electronic ground state of the dianions to the ground and excited states of the corresponding singly charged anions. Using the single-electron picture ͑Koopmans' theorem͒, these PES features can be alternatively viewed as removing electrons from the occupied molecular orbitals ͑MOs͒ of the dianions. The second electron binding energies of the MCl 6 2Ϫ dianions ͑MϭRe, Os, Ir, and Pt͒, determined from the threshold of the X feature in each spectrum, are 0.46, 0.46, 0.82, and 1.58 eV, respectively. Overall, the spectra of ReCl 6 2Ϫ and PtCl 6 2Ϫ appear to be less congested than that of OsCl 6 2Ϫ and IrCl 6 2Ϫ . It is also worth to note that there are no spectral features at higher BEs ͑տ4.5 eV͒ in all the spectra.
III. RESULTS
The BEs and spacings of the first few spectral features ͑X, A, and B for Re, Os, and Ir; X and A for Pt͒ are different in each spectrum, depending on the central metal atoms. These lower BE features also appeared to have relatively low intensities except for the B feature in IrCl 6 2Ϫ ͓Fig. 1͑c͔͒ and the A feature in PtCl 6 2Ϫ ͓Fig. 1͑d͔͒. Each spectrum showed a similar and prominent doublet feature between 2.5 and 3.0 eV ͓C and D in Figs. 1͑a͒-1͑c͒ ; B and C in Fig. 1͑d͔͒ . There also appeared to be another similar doublet feature between 4.0-4.5 eV in each spectrum although they were less definitive in Figs. 1͑a͒ and 1͑b͒ . These similar spectral features among the four complexes were indications that they were due to detachment from the ligand-derived MOs whereas the lower BE features, which vary according to the metals, are due to detachment from the metal d-orbitals, as labeled in Fig. 1 ͑''d'' for d-orbitals; ''L'' for ligands͒. As shown below, these assignments were supported by the data on the bromide complexes.
Photon-energy-dependent spectra for MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒ are shown in Figs. 2-5 , respectively. The disappearance of the high BE features ͑although thermodynamically possible͒ in the lower photon energy spectra was a direct consequence of the RCB in MCAs. From these data the barrier height for each dianion was estimated, as discussed below. The sharp peaks in each 266 nm spectrum was due to Cl Ϫ as a result of photodissociation of the parent dianions and subsequent photodetachment by a second photon. Very weak signals due to Cl Ϫ were discernible in the 2Ϫ spectra for comparison. As expected, the spectral features of the bromide complexes were similar to those of the chlorides and there was a one-to-one correspondence between the features of the chlorides and the bromides, as labeled in Figs 2Ϫ ͑Fig. 6͒, compared to that in ReCl 6 2Ϫ , was due to its slightly lower BE and RCB, as discussed below. The second electron binding energies of MBr 6 2Ϫ were measured from the threshold of the X bands from each PES spectra to be 0.76, 0.96, and 1.52 eV for Re, Ir, and Pt, respectively. As shown in Table II , the bromide complexes of Re and Ir exhibited higher electronic stability than the corresponding chloride complexes whereas PtBr 6 2Ϫ showed less electronic stability than PtCl 6 2Ϫ . We did not measure the spectra of OsBr 6 2Ϫ because we were unable to obtain a K 2 OsBr 6 salt sample. We expected that its spectra should be similar to that of OsCl 6 2Ϫ . The vertical electron binding energies of all the measured spectral features for the seven hexahalogenometallates are summarized in Table I . The adiabatic binding energies of the X ground state feature, i.e., the adiabatic electron affinities of the corresponding monoanions, are given in Table II . Each species is discussed as follows. 2t 2g ) and doubly (3e g ) degenerate orbitals. 59 For these 5d transition metal hexahalogen complexes, it is known that the relatively high ligand field strength makes them inherently adopt the low-spin arrangement. 45, 57 Therefore, the ground state configurations are expected to be (2t 2g ) 3 , (2t 2g ) 4 , (2t 2g ) 5 , and (2t 2g ) 6 for MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒, respectively. The half-filled ReCl 6
2Ϫ and the closed-shell PtCl 6 2Ϫ complexes can maintain the O h symmetry. However, the open shell Os and Ir complexes are expected to distort to a lower D 4h symmetry due to the Jahn-Teller effect. 60, 61 The relatively simple spectra for the Re and Pt complexes, compared to that for the Os and Ir complexes ͑Fig. 1͒, are consistent with the higher symmetry for the former.
The chemical bonding in the hexachlorometallates have been studied theoretically. 56, 57 There are significant Cl-to-M donations and M-to-Cl back donations. The M-Cl bondings have considerable covalent characters. The electronic structures of MCl 6 2Ϫ ͑MϭRe, Os, Ir, and Pt͒ were first investigated by Cotton and Harris 56 using an extended Hückel molecular orbital model, and later by Goursot et al. 57 using the relativistic MS-X␣ method. The highest occupied MO ͑HOMO͒ of these complexes corresponds to the 2t 2g orbital, which is mainly a nonbonding metal 5d(d xz ,d yz ,d xy ) orbital with a slight Cl 3p contribution. The next occupied orbital (1t 1g ), HOMO-1, is a nonbonding Cl 3p orbital, according to the calculations. The next orbital (4t 1u ), HOMO-2, also mainly consists of contributions from the ligand p orbitals with some mixing of the metal 6p and 4 f orbitals. The difference among the four complexes lies at their different occupations of the HOMO(2t 2g ) while the 1t 1g ͑HOMO-1͒, 4t 1u ͑HOMO-2͒ and other ligand-derived MOs are all completely filled. We will use these MO con- figurations to give a qualitative account of the major PES features observed.
B. Repulsive Coulomb barriers in MCAs and their effects on photodetachment spectra
Before discussing the PES spectra of the individual metal complexes, we first briefly explain one unique property of photodetachment of MCAs and the photon energydependent PES spectra. As we reported recently, [37] [38] [39] [40] [41] [42] [43] there is an essential difference between photodetachment of multiply and singly charged anions. In MCAs, there exists a RCB against electron detachment, 1,5 due to the long range Coulomb repulsion between the outgoing electron and the remaining anion ͑which has one less charge than the parent MCA͒. Figure 9 shows a schematic drawing, illustrating the RCBs bounding the MCl 6 2Ϫ dianion and the repulsive Coulomb potentials relative to the different asymptotic electronic states ͑X, A, B, C, D, and E͒ of the singly charged anion, MCl 6 Ϫ . The barrier height is measured from the top of a potential curve relative to an asymptotic limit of the singly charged anionic states. The well depths ͑energy difference between the top of the potential energy curves and the electronic ground state of the doubly charged anion͒ are then different for different asymptotic electronic states of the corresponding singly charged anion, as clearly shown in Fig. 9 .
When a detachment photon energy is lower than the well depth of a specific singly charged anion state, but higher than its binding energy ͑defined as the energy difference relative to the ground state of the doubly charged anion͒, PES signals for this specific state and all other higher BE states cannot be observed except through electron tunnneling. 43 When the photon energy is near the top of a specific potential curve, the detached electron signal corresponding to this state will be reduced. The relevant parameters and states used in Fig. 9 are actually for that of PtCl 6 2Ϫ , which we use as an example here. Figure 5 shows the PES spectra of PtCl 6 2Ϫ at 193, 266, and 355 nm. Six distinct features were resolved in the 193 nm spectrum, labeled as X, A, B, C, D, and E. The latter two features ͑D and E͒ completely disappeared in the 266 nm spectrum ͓Fig. 5͑b͒, the two sharp peaks were due to Cl Ϫ ͔. In the 355 nm spectrum ͓Fig. 5͑c͔͒, the B and C features disappeared while the intensity of the A feature was significantly reduced. In fact, we have tried to measure the spectrum of PtCl 6 2Ϫ at 532 nm ͑2.331 eV, higher than the X state binding energy͒, but no electron signals could be detected. These observations of the photon energy dependence can be easily understood using the schematic potential energy curves, shown in Fig. 9 , where the positions of the four photon energies used and the vertical BEs of the six observed states are shown. The 193 nm photon was near the barrier top of the E and D state; the weak intensities of these two states were likely due to the barrier effect. There may very well be other states between 4.5 and 6.4 eV, which would not be observed at 193 nm. The 266 nm photon was above the barrier tops of the X, A, B, and C states, but below that of the D and E states. The 355 nm photon should be above the barrier top of the X state, but below that of the A state. Thus the weaker signal of the A state in the 355 spectrum must be due to electron tunneling. Finally, the 532 nm photon was below the barrier top of the X state and no electron signals were expected to be observed.
If we assume that the RCBs all have the same height for the different electronic states ͑in reality they may be slightly different depending on which electron is removed͒, we can estimate the RCB height from the photon-energy-dependent PES spectra. Since the 193 nm ͑6.424 eV͒ photon was near the barrier top of the E state which has a vertical BE of about 4.40 eV, we obtained that the RCB should be about 2 eV ͑6.424 eV-4.40 eV͒. Since the 355 nm ͑3.496 eV͒ photon was below the A state ͑vertical BE, 2.12 eV͒, we could infer that the RCB was larger than 1.4 eV ͑3.496 eV-2.12 eV͒, consistent with the estimate from the 193 nm spectrum above. As shown in Fig. 9 , the 266 nm photon was near the barrier top of the C state, which became slightly more intense and broader at 266 nm compared to that at the 193 nm. As will be discussed below, these observations for the C state were really due to an autodetachment effect at 266 nm. Otherwise, a significantly reduced intensity should be observed at 266 nm for the C state due to the barrier effect. A brief glance of the 193 nm spectra of all the four dianions ͑Fig. 1͒ revealed that there were no higher BE features for all four complexes beyond about 4.5 eV, due to the RCB. We will address the issue of the RCB separately for each species below when discussing the photon energy-dependent PES. We first discuss the PES spectra of PtCl 6 2Ϫ and PtBr 6 2Ϫ , which both have closed shell MO configurations. The photon energy dependent PES spectra of PtCl 6 2Ϫ ͑Fig. 5͒ have already been briefly mentioned above. The two sharp peaks at 3.61 and 3.71 eV in the 266 nm spectrum ͓Fig. 5͑b͔͒ are due to Cl Ϫ as a result of photodissociation (PtCl 6 2Ϫ ϩh PtCl 5 Ϫ ϩCl Ϫ ) and subsequent photodetachment of Cl Ϫ (Cl Ϫ ϩh˜Clϩe Ϫ ) at 266 nm. This two-photon process was confirmed by photon-flux-dependent studies. In fact, very weak signals due to Cl Ϫ were also discernible in the 193 nm spectrum ͓Figs. 1͑d͒ and 5͑a͔͒. The second fragmentation product (PtCl 5 Ϫ ) was expected to have much higher electron binding energies and could probably not be detached at 266 nm. As mentioned above, the intense and broad C feature at 266 nm ͓Fig. 5͑b͔͒ was likely due to autodetachment, 62 i.e., the PtCl 6 2Ϫ dianion resonantly absorbed a 266 nm photon to form a temporary excited state, which then decayed to the C state. Both the enhanced intensity and the broad nature of this feature at 266 nm were consistent with the autodetachment mechanism.
The spectra of PtBr 6 2Ϫ are compared to that of PtCl 6 2Ϫ in Fig. 8 at 266 6 (t1 1g ) 6 (2t 2g ) 6 , which is closed shell and will be stable under O h symmetry. Figure 10 shows the one-electron detachment channels expected from this configuration; the final states of PtCl 6 Ϫ are 2 T 2g , 2 T 1g , and 2 T 1u , upon detaching one electron from the 2t 2g , 1t 1g , and 4t 1u , respectively. All these degenerate states are expected to be unstable under the O h symmetry due to the Jahn-Teller effect and are expected to distort to the lower D 4h symmetry. 60, 61 Under D 4h symmetry, each of the three electronic states will split to two terms, yielding totally six electronic states, as shown in Fig. 10 . We tentatively assign the six features ͑X, A, B, C, D, and E͒ observed in the PES spectra ͓Figs. 1͑d͒ and 5͔ to these six electronic states, as given in Fig. 10 . All the E states are still doubly degenerate and could further split with a further decrease of symmetry. However, such splittings, if taking place, were not resolved in the PES spectra.
These assignments are supported by the PES spectra of PtBr 6 2Ϫ . Figure 8 shows the PES of PtBr 6 2Ϫ at 193 and 266 nm along with the PtCl 6 2Ϫ spectra for comparison. There are also six features ͑labeled X to E͒ in the 193 nm spectra of PtBr 6 2Ϫ . The X and A features and their separation are very similar to that in the PtCl 6 2Ϫ spectra, except that the peaks slightly shift to lower BE by ϳ0.1 eV in PtBr 6 2Ϫ . It is thus reasonable to assign the X and A features to be due to detachment from the metal d-orbitals in both the chloride and bromide complexes. There are also two pairs of features B/C and D/E in the PtBr 6 2Ϫ spectra, similar to that in the PtCl 6 2Ϫ spectra, but with much larger separations in the bromide case. The large separations of these features in PtBr 6 2Ϫ provide rather solid evidence that they are due to detachment from ligand-based orbitals, as a result of the anticipated stronger vibronic coupling in the bromide complex. 61 However, we also noted that the B/C splitting in the spectra of PtCl 6 2Ϫ and PtBr 6 2Ϫ seemed to correlate with the spin-orbit splittings of Cl and Br, as clearly shown from the Cl Ϫ and Br Ϫ PES features in the 266 nm spectra. This was perhaps not surprising, considering the nonbonding and predominantly ligand-nature of the 1t 1g MO. can be correlated to those in ReCl 6 2Ϫ according to the same labels as indicated in Fig. 6 , except that the binding energies of the X and A features increased in ReBr 6 2Ϫ while the binding energies of the other features ͑B to E͒ decreased. In particular, the intensity of the E feature in ReBr 6 2Ϫ was significantly enhanced, suggesting that the 193 nm photon was above the RCB of the E state ͑vertical BE, 4.02 eV͒. Thus the RCB height of ReBr 6 2Ϫ should be Ͻ2.4 eV (6.424 eVϪ4.02 eV). The E feature completely disappeared in the 266 nm spectrum ͓Fig. 6͑c͔͒, where two sharp peaks due to Br Ϫ were visible. The intensity of the D feature was significantly reduced at 266 nm, indicating that the 266 nm photon was below the RCB of the D state ͑vertical BE, 2.80 eV͒. Therefore, the RCB should be Ͼ1.86 eV (4.661 eVϪ2.80 eV). The intensity of the C feature ͑vertical BE, 2.23 eV͒ did not change significantly at 266 nm, suggesting that that RCB should be Ͻ2.4 eV, consistent with the estimate from the 193 nm above based on the E sate. Therefore, we estimated a RCB of ϳ2 eV for ReBr 6
2Ϫ
(1.86 eVϽRCBϽ2.4 eV).
The ground state of ReCl 6 2Ϫ has an electron configuration of ...(4t 1u ) 6 (t1 1g ) 6 (2t 2g ) 3 with a half-filled HOMO (2t 2g ), which is expected to be stable under O h symmetry without first order Jahn-Teller distortions. Figure 11 shows the first few one-electron detachment channels, based on this configuration. Detaching one electron from 2t 2g , 1t 1g , and 4t 1u leads to the following final states of ReCl 6 Ϫ , 3 T 1g , 5 T 2g , and 5 T 2u , respectively. Triplet states can also be formed upon removing an electron from 1t 1g or 4t 1u , but are not shown in Fig. 11 because they were expected to have higher energies. All these final states are degenerate and expected to undergo Jahn-Teller distortion to a lower D 4h symmetry, as given in Fig. 11 . The first three low BE features ͑X, A and B͒ in the ReCl 6 2Ϫ spectra ͑Fig. 2͒ have relatively low intensity and their intensity ratios were invariant at 266 nm ͓Fig. 2͑b͔͒. We assigned these three features to be derived from detachment of a d-electron from the 2t 2g HOMO. The three features were attributed to the Jahn-Teller splittings of the 3 T 1g state, as given in Fig. 11 . The C and D pair was assigned to be due to removal of an electron from the ligand orbital, 1t 1g . Even though the E feature has very low intensity ͓Fig. 2͑a͔͒, it was real. Its feeble intensity was due to the RCB. Comparing to other complexes ͑Fig. 1͒, we expected that there should also be a pair of state associated with the E state. The other component was not observed at 193 nm due to the RCB. We thus assigned the E feature of ReCl 6 2Ϫ ͓Figs. 1͑a͒ and 2͑a͔͒ to be due to removal of an electron from the 4t 1u ligand MO, as shown in Fig. 11 . We see from Fig. 11 that we attributed the X and A features in the spectra of ReCl 6 2Ϫ ͓Figs. 1͑a͒ and 6͔ to be due to the further Jahn-Teller splitting of the 3 E g state. However, the D and E features ͑Fig. 6͒, which were attributed to the 5 E g and 5 E u states, respectively, did not show any resolved splittings. Clearly, a detailed assignment was not possible without further accurate ab initio calculations. The current discussion should be viewed as tentative.
Nevertheless, as shown in Fig. 6 , the PES spectra of ReBr 6 2Ϫ support the above spectral assignments for ReCl 6 2Ϫ in terms of the origins of the different features. The fact that the X, A, and B features ͑Fig. 6͒ have relative small intensities and similar patterns in both complexes indicates that they are due to detaching a metal 5d electron. The large separation of the C and D features in ReBr 6 2Ϫ indicates clearly that they are due to removing one electron from the ligand orbitals. The observation of the strong E feature in the ReBr 6 2Ϫ spectrum confirmed the E feature in the ReCl 6 2Ϫ spectrum. As discussed above, the strong E feature in ReBr 6 2Ϫ was due to the smaller RCB ͑ϳ2 eV͒ in ReBr 6 2Ϫ , in comparison to the RCB ͑ϳ2.4 eV͒ in ReCl 6 2Ϫ . The smaller RCB in ReBr 6 2Ϫ is consistent with a slightly higher electronic stability of the bromide complex, suggesting that there is a slightly smaller Coulomb repulsion in the ReBr 6 2Ϫ dianion. Figure 3 shows the PES spectra of OsCl 6 2Ϫ at four detachment photon energies. Compared to the spectra of PtCl 6 2Ϫ and ReCl 6 2Ϫ , the spectra of OsCl 6 2Ϫ were more complicated. In particular, extra features appeared in the spectrum of OsCl 6 2Ϫ between 3 and 4 eV, labeled as E n and F n , which did not exist in the spectra of PtCl 6 2Ϫ and ReCl 6 2Ϫ ͑Fig. 1͒. There seemed to be fine structures in each of the E n and F n bands, which are listed in Table I as E n (nϭ1,2) and F n (nϭ1 -3), respectively. Again, at 266 nm, the higher BE features disappeared due to the RCB. The sharp peaks of Cl Ϫ due to photodissociation were also visible. The feature D ͑vertical BE, 2.82 eV͒ was almost cutoff at 266 nm ͓Fig. 3͑b͔͒, i.e., the 266 nm photon was likely below the RCB of the D state. Thus, we estimated that the RCB in OsCl 6 2Ϫ should be Ͼ1.8 eV (4.661 eVϪ2.82 eV). Since the intensity of the C feature ͑vertical BE, 2.61 eV͒ was also reduced at 266 nm, we surmised that the 266 nm photon was probably near the barrier top of the C state. We thus inferred that the RCB in OsCl 6 2Ϫ should be ϳ2 eV. More high BE features were missing in the 355 nm spectrum ͓Fig. 3͑c͔͒, as expected. The 355 nm photon was expected to be near or above the RCB of the A feature, which should be observed at 355 nm. However, its much broader width at 355 nm ͓Fig. 3͑c͔͒ was surprising. We again attributed this to an autodetachment process, similar to those observed in PtCl 6 2Ϫ at 266 nm, as discussed above. The 532 nm photon should be near the barrier top of the X state, which was indeed the only feature observed.
E. OsCl 6 2؊
Under O h symmetry, OsCl 6 2Ϫ is expected to have a configuration of ...(4t 1u ) 6 (1t 1g ) 6 (2t 2g ) 4 , which, unlike PtCl 6
2Ϫ
and ReCl 6 2Ϫ , is expected to undergo Jahn-Teller distortion to a lower D 4h symmetry. 60, 61 The more complicated PES spectra of OsCl 6 2Ϫ might be related to the initial state Jahn-Teller effect. We will only give a very qualitative account of the spectral features, by comparing with the other MCl 6 2Ϫ complexes. The first three low BE features ͑X, A, and B͒ were similar to those in ReCl 6 2Ϫ ͑Fig. 1͒ and should be due to removal of electrons from d-orbitals (2t 2g ). The C and D features in OsCl 6 2Ϫ were similar to the same C/D pair of features in ReCl 6 2Ϫ and the B/C features in PtCl 6 2Ϫ ͑Fig. 1͒, and should be due to detachment from the similar liganddominated MO, 1t 1g . The feature G in OsCl 6 2Ϫ was similar to the feature E in ReCl 6 2Ϫ and feature D in PtCl 6 2Ϫ ͑Fig. 1͒ and was attributed to detachment from the 4t 1u MO. The extra features, E n and F n were probably due to the initial state Jahn-Teller splittings and could not be assigned currently without knowledge about the precise electron configurations of OsCl 6 2Ϫ . The lack of comparable data on OsBr 6
2Ϫ also made it difficult to corroborate any more definitive assignments. Figure 4 shows the PES spectra of IrCl 6 2Ϫ at four photon energies. The spectra of IrCl 6 2Ϫ exhibited remarkable similarities to that of OsCl 6 2Ϫ , as shown in Fig. 1 at 193 nm, except that the feature around 1.5 eV seemed to be a doublet ͑A and AЈ͒ in IrCl 6
F. IrCl 6 2؊ and IrBr 6 2؊
2Ϫ . The 266 nm spectrum of IrCl 6 2Ϫ again showed the Cl Ϫ peaks due to photodissociation and the anticipated disappearance of the high BE features due to the RCB. The relative intensity of the feature D ͑vertical BE, 2.72 eV͒ did not change at 266 nm suggesting that the 266 nm photon was above the RCB to the D state. We thus estimated a RCB of Ͻ1.9 eV(4.661 eVϪ2.72 eV͒. At 355 nm, more high BE features disappeared. Clearly, the 355 nm photon was below the RCB to the B state ͑vertical BE, 2.12 eV͒, suggesting that the RCB should be Ͼϳ1.4 eV(3.496 eV Ϫ2.12 eV͒. The RCB thus appeared to be somewhat lower in IrCl 6 2Ϫ ͑ϳ1.7 eV, averaging over the upper and lower bounds͒. This was already indicated by the rather strong G and H features in the 193 nm spectrum of IrCl 6 2Ϫ , compared to the weak high BE features in the 193 nm spectra of the other complexes ͑Fig. 1͒. The 532 nm photon was below the RCB to the X state, and the signals observed in the 532 nm spectrum were due to electron tunneling, consistent with the weak intensity of the 532 nm spectrum ͓Fig. 4͑b͔͒. The total count rates of the 532 nm spectrum were very low and rather high detachment-laser-photon fluxes had to be used.
The 2Ϫ appeared to be stronger. We thus attributed these lower BE features to be due to removal of electrons from d-orbitals (2t 2g ), as indicated in Fig. 1 . The C and D features in IrCl 6 2Ϫ appeared in all the four complexes ͑Fig. 1͒ and should be due to detachment from the similar ligand-dominated MO, 1t 1g . The features G and H in IrCl 6 2Ϫ also have counterparts in the other four complexes and were attributed to detachment from the 4t 1u MO. The extra features ͑E n and F͒ in IrCl 6 2Ϫ were similar to those in OsCl 6 2Ϫ , and again probably due to the initial state Jahn-Teller splittings. The qualitative assignments of the IrCl 6 2Ϫ spectra were supported by the spectra of IrBr 6 2Ϫ . The anticipated enhanced splittings between the C and D features, and G and H features were indeed observed, consistent with the assignments that they were due to the ligand-based MOs.
G. Overview
The current experiments represent the first observation of these hexahalogenometallate dianions in the gas phase. All of these species exhibit positive electron binding energies, indicating they are electronically stable. They are also likely to be stable thermodynamically although our experiments did not provide direct information about the thermodynamic stability. Because there also exists a potential barrier against dissociation of the type, ML 6 2Ϫ˜M L 5 Ϫ ϩL Ϫ , these complexes could be just locally stable. They are at least long-lived in the gas phase, considering our experimental time scale ͑ϳ0.1 s͒.
The PES data provide unprecedented detailed molecular electronic structure information about the hexahalogenometallates in the gas phase, even though only very qualitative discussions were given here. The obtained spectroscopic information should be valuable to compare to more accurate theoretical investigations. Despite of the qualitative nature of the current assignments, features due to d-orbitals or ligandorbitals could be clearly distinguished, as indicated in Fig. 1 . As discussed above, these assignments were corroborated by similar results on the bromide complexes. It is interesting that detachment of d-electrons all happened at lower binding energies than those from the ligands. It is also important to point out that the spectra shown in Figs. 1-8 all represent electronic states of the ML 6 Ϫ singly charged anions. The feature X represents the ground state of the monoanions in each case whereas all the other features represent the excited electronic states of the monoanions. The spacings of the excited state features relative to the X ground state correspond to the excitation energies. All the higher BE features due to the d-electrons can be related to low energy d -d transitions whereas all the features due to the ligands can be related to L˜M charge transfer transitions within the monoanions. The excitation energies for these transitions can be estimated from the vertical binding energies given in Table I .
The repulsive Coulomb barrier is a fundamental property of any MCAs. As we have shown previously, the heights of the RCB in MCAs are equivalent to the Coulomb repulsion energies among the excess charges at the equilibrium MCA geometry. The estimated RCBs for the seven complex dianions are given in Table II . It is noteworthy that ReCl 6 2Ϫ and PtBr 6 2Ϫ seemed to have larger RCBs than the other complexes, whereas IrCl 6 2Ϫ appeared to have a rather low RCB. Because of the covalent character between the M-Cl bonds in these complexes, we cannot simply view them as an M 4ϩ ion interacting with 6Cl Ϫ . Therefore, the Coulomb repulsion energies in these dianions might be an important parameter in future theoretical understanding of the structure and bonding of these metal complexes. It would be interesting to investigate if the RCB is the same for the different asymptotic states of the monoanion. As mentioned above, the RCB represents the intramolecular Coulomb repulsion energies within the dianions. It would be interesting to investigate theoretically if the RCB correlates with the M-L bond lengths, i.e., the sizes of the dianions. In particular, the larger RCB in PtBr 6 2Ϫ and its decreased electronic stability in comparison to PtCl 6 2Ϫ is unusual and may suggest subtle chemical bonding changes in the two dianions.
H. Electron affinities and redox potentials
The adiabatic electron affinities ͑EAs͒ of the singly charged anions, measured from the thresholds of the PES spectra of the corresponding dianions, indicate the electronic stability of the doubly charged anions. The EAs of the seven complex monoanions are given in Table II . For the four chloride anions, there has been a recent calculation by Macgregor and Moock. 51 Table II shows that their calculated EAs are consistent with our measured values and show the same trend ͑also see Fig. 12͒ , although the calculations in general underestimated the EAs. In particular, the calculations gave a negative EA for OsCl 6 2Ϫ , i.e., the calculation predicted that the OsCl 6 2Ϫ dianion was not electronically stable, in contrast to the current experimental observation. Since the classic work of Bartlett and co-workers, 63 the EAs of neutral hexafluorides of the third transition series have attracted considerable attention and they are generally believed to increase in the direction, WF 6 ϽReF 6 ϽOsF 6 ϽIrF 6 ϽPtF 6 . The available experimental data on the gas phase EAs of the neutral hexafluorides have been interpreted as confirming Bartlett's general conclusion of this EA trend across a transition metal row, due to the inefficient shielding of the core charges of the metal by the d-electrons. Our measured EAs of the ML 6 Ϫ monoanions also seem to be consistent with this trend. Within our experimental accuracy, however, the EAs of ReCl 6 Ϫ and OsCl 6 Ϫ are the same, whereas the calculations predicted a decrease from the Re to Os complex. The latter has been interpreted as arising from effects of interelectronic correlation and repulsion in the theoretical study. 51 An oxidation reaction is a one-electron process and proceeds according to ͓MX 6 , in solution ͑Ref. 51͒. the solvation effects, is similar to electron detachment in the gas phase. Therefore, the gas phase EAs should be inherently related to the redox potentials, except that the solvation effects essential in redox processes in solution are missing in the electron detachment in vacuum. In Table II and Fig. 12,  the redox potentials for MCl 6 2Ϫ ͑MϭRe, OS, Ir, and Pt͒ from the literature 51 are compared with our measured EAs. It is seen clearly that there is a remarkable correlation between our measured EAs for the hexachloride complexes and their redox potentials, suggesting that the solvation energies for all the relevant ions are probably similar in these cases. This is perhaps not surprising because the size of these anions, i.e., the M-Cl bond distances, are indeed very similar in the condensed phases.
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V. CONCLUSIONS
We have observed for the first time several hexahalogenometallates dianions, ML 6 2Ϫ ͑MϭRe, Os, Ir, and Pt; LϭCl and Br͒ in the gas phase. These free dianions were found to be stable electronically with positive electron binding energies. The photodetachment photoelectron spectra of these metal complex dianions provided a wealth of electronic structure information of both the dianions and the singly charged anions. Detachment features from the metal d-orbitals and ligand-based orbitals were observed and could be distinguished. All the features due to the metal d-orbitals occurred at low binding energies whereas those due to the ligands all had rather high binding energies. The photodetachment features were qualitatively interpreted based on the molecular orbital configurations under O h symmetry. Definite assignments would require accurate theoretical calculations. The photoelectron spectra of the Re and Pt complexes appeared to be slightly simpler than those from the Os and Ir complexes, consistent with the fact that the latter have degenerate electronic states in the dianion ground states and are subjective to Jahn-Teller distortions. The bromide complexes gave similar spectral features as those from the chloride and allowed features from the ligands to be more clearly distinguished. The second excess electron in ReBr 6 2Ϫ and IrBr 6 2Ϫ were observed to be stabilized more than that in the corresponding chloride dianions whereas the opposite was observed in the Pt complexes. Photon energy-dependent studies clearly revealed the effects of the repulsive Coulomb barriers, which are important in understanding free multiply charged anions. The barrier heights were estimated from the photon-energy-dependent spectra. The barrier heights, which are equivalent to the net Coulomb repulsion energies in the dianions, are all around 2 eV, except for ReCl 6 2Ϫ and PtBr 6 2Ϫ , which have slightly higher barrier heights, ϳ2.4 and ϳ2.5 eV, respectively, and IrCl 6 2Ϫ , appeared to have a particularly low RCB ͑ϳ1.7 eV͒. The first few low binding energy features ͑between 0.5-2.2 eV͒ in each PES spectrum are due to removal of a d-electron from the transition metal, corresponding to an oxidation reaction ͓M͑IV͒˜M͑V͔͒ in vacuo. Indeed we found that the adiabatic electron binding energies measured in the gas phase for the metal complex dianions have a close correlation with their corresponding redox potentials measured in solutions.
